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ABSTRACT 
In the natural environment, a plant's gas exchange and water use 
efficiency characteristics in response to environmental stresses such as 
vapor pressure deficit, temperature, light intensity, and water 
potential may vary according to physiological and morphological species 
differences, leaf types (deciduous or evergreen), and habitat types 
(northern and southern). In the field, laboratory, and growth chamber, 
the effect of vapor pressure deficit, temperature, and light intensity 
on gas exchange characteristics was investigated for four woody shrub 
species from the genus Viburnum. The species under investigation 
include: y. rhytidophyllum (northern evergreen), y. awabuki (southern 
evergreen), y. dentatum (northern deciduous), and y. integrifolium 
(southern deciduous). Previous scanning electron microscopy studies 
showed that y. awabuki had a distinctive leaf anatomy, while the other 
three speci.es were similar to each other. 
Field studies were conducted on sunny days in August and September, 
1989, using a closed, steady state gas exchange system. Gas exchange 
measurements were recorded for three leaves per species at ambient 
conditions from 0600 to 1800 hours, and leaf water potential was 
determined with a pressure chamber at each sampling time. In the 
laboratory, gas exchange parameters were measured for three leaves per 
species using well watered greenhouse grown plants as light intensity, 
leaf-to-air vapor pressure deficit, or leaf temperature was varied. 
Growth chamber studies were conducted using greenhouse grown plants, and 
stomatal conductance was measured for six leaves per species using a 
steady state porometer at four water potential ranges at high and low 
vapor pressure deficits. 
Under drought conditions in the field and well watered conditions 
in the laboratory, the evergreen species, especially y. awabuki, 
typically showed lower conductance, net photosynthesis, and 
intercellular CO2 than did the deciduous species, but not to the degree 
expected. Growth chamber studies showed that vapor pressure deficit and 
water potential were both important in effecting declines in conductance 
for all species. Water use efficiency varied little between species in 
the field or in the laboratory. 
Gas exchange responses of the plants to environmental variables 
were associated with deciduous or evergreen leaf types, but more 
strongly with leaf anatomy. 
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INTRODUCTION 
The ability of plants to assimilate carbon without excess water 
loss is vital to their survival in the natural environment (Farquhar and 
Sharkey 1982). In fact, the diurnal patterns of a plant's exchange of 
carbon dioxide and water can provide sufficient informati~n to predict 
how a plant may respond (either as short term acclimation or as long 
term adaptation) to natural environmental stresses (Larcher 1983). Such 
responses can provide insight into evolutionary aspects of a plant's 
photosynthetic characteristics as well as predict physiological 
responses for various environmental conditions. 
Native climate and natural habitat are associated with the 
morphology and physiology of plants. Gas exchange and WUE are 
physiological characteristics which will be studied to compare responses 
of plants from different habitats and with different morphologies. 
Comparison studies will be done on: two deciduous shrubs, y, dentatum L. 
(northern temperate) and y, integrifolium L. (southern temperate), and 
two evergreen shrubs, y, rhytidophyllum Hemsl. (northern temperate) and 
y, awabuki Koch. (southern temperate). 
A morphological difference between the two species pairs is their 
leaf type, either deciduous or evergreen. Each leaf type typically 
exhibits a characteristic water use efficiency (WUE) where water lost by 
transpiration is compared with the amount of carbon assimilated. The 
way a plant manages this cost-benefit ratio (transpiration/carbon 
assimilation) is indicative of certain leaf types (Farquhar and Sharkey 
1982). In general, deciduous leaves have annual leaf drop, a low carbon 
cost for construction, and generally high net photosynthesis (Pnet) 
(Schulze 1982). Due to the general physiology of this leaf type, it is 
hypothesized that these plants will assimilate carbon at a high rate 
accompanied by high water loss. WUE of these plants should typically be 
low. Conversely, the greater carbon allocation of an evergreen 
perennial leaf structure increases its initial cost to the plant. In 
fact, evergreen species typically exhibit low Pnet and high WUE (Schulze 
1982). The evergreen leaf type should hypothetically show a lower rate 
of carbon assimilation and stomatal conductance (gc). WUE of these 
plants should typically be greater than that of deciduous leaves. The 
study of each species will be conducted under equivalent laboratory and 
field conditions in northeastern Iowa. Measurements will be taken of 
the response of each species to changes in leaf-to-air vapor pressure 
deficit (VPD), temperature, and photosynthetic photon flux density 
(PPFD). Since each species has a unique combination of leaf habit 
(deciduous or evergreen) and native climate (northern or southern 
temperate) they may differ in their physiological responses to 
equivalent environmental stimuli. 
The objectives of this research are to determine the gas exchange 
and water use efficiency characteristics of four species of Viburnum by: 
1) measuring their gas exchange and WUE in response to changes in VPD, 
temperature, and PPFD for both uncontrolled field and controlled 
laboratory conditions, 2) comparing gas exchange and WUE strategies for 
diurnal periods under field conditions and, 3) correlating measured 
2 
responses with their putative natural physiological, morphological and 
ecological adaptive strategies. 
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LITERATURE REVIEW 
The gas exchange and WUE strategy of a plant is dictated by 
surrounding environmental conditions and leaf type (deciduous or 
evergreen). The annual leaf abscission of deciduous shrubs allows for 
carbon assimilation only during a limited growing season; whereas the 
perennial evergreen leaf is potentially photosynthetic throughout the 
year. Selection for leaf type and photosynthetic habit is paramount in 
ensuring maximum carbon assimilation over time (Mooney 1972). 
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Pnet and WUE are determined by physiological factors in conjunction 
with the environmental stresses imposed by the plant's habitat. 
Physiological limitations on gas exchange and WUE are dependent on VPD, 
PPFD, temperature, and the interrelationship of all three environmental 
factors (Mooney 1972; Mooney et al. 1983; Davies and Kozlowski 1974; 
Hall and Kaufman 1975; Hall and Schulze 1980; Wong et al. 1979; Meidner 
1986). 
A plant's carbon assimilation responds directly to temperature. 
Hikmat et al. (1972) demonstrated the affect of increasing daily 
temperatures on Pnet in four Simmondsia chinensis shrubs. They 
established a definite temperature range for maximum photosynthesis. 
Ranges of temperature optima for Pnet have also been observed in other 
species: Atriplex lentiformis, a desert shrub, has a photosynthetic 
optimum at 30 to 40 °C (Pearcy 1977); Larrea divaricata, a desert shrub, 
has an optimum at 30 to 45 °C (Mooney et al. 1978); and Gossypium 
hirsutum L. var. Deltapine Smooth Leaf, a cotton variety, has an optimum 
at 20 to 30 °C (Downton and Slatyer 1972). Acclimation to different 
growth temperatures is also exhibited by all the above species. 
5 
Light is the driving force of photosynthesis. Plants which live in 
shaded habitats have photosystems adapted to low light levels and are 
generally incapable of high carbon assimilation rates. On the other 
hand, plants habituated to sunny locations have systems adapted to high 
light levels and generally have high carbon assimilation rates (Boardman 
1977). Bjorkman (1981) states that Pnet is linear with PPFD at low PPFD 
levels; however, at high PPFD levels Pnet is non-linear with elevating 
PPFD. An increase in photosynthesis is not proportional to an increase 
in PPFD, and photosynthesis can reach a plateau and not increase even 
with a further elevation of PPFD. 
The photosaturation level of carbon assimilation is typically 
different between sun and shade plants. Bohning and Burnside (1956), 
working with greenhouse grown herbaceous species, showed that sun plants 
reached light saturation at higher light intensities than the shade 
plants (2500 foot candles (ft. c.) and 500 ft. c., respectively). The 
compensation point for carbon assimilation where photosynthesis equals 
respiration was higher for sun plants (150 ft. c.) than for shade plants 
(SO ft. c.), and maximum carbon assimilation rates were four times as 
high for sun plants as for shade plants. Bjorkman (1981), in 
experiments using Cordyline rubra (shade plant) and Encelia californica 
(sun plant), echoed Bohning and Burnside's findings. The light 
saturation level for~- rubra was 100 µmol m-2 s-1 while i. californica 
had not reached saturation at 2000 µmol m-2 s-1 • The maximum carbon 
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assimilation rate of~- californica was also much higher(> 40 µmol 
m-2 s-1 ) than that of ,Q. rubra (3 µmol m-2 s- 1). Jurik (1986) and Jurik 
et al. (1988) demonstrated the dependence of Pnet on PPFD levels in 
Ouercus rubra and Acer saccharum in a deciduous hardwood forest in 
Michigan. They established that carbon assimilation rates declined with 
a decrease in PPFD from canopy to forest floor. 
Stomatal responses to changes in leaf-to-air VPD also strongly 
influence Pnet• If VPD increases and there is no stomatal closure, 
additional water vapor is lost from the leaf to the atmosphere. When 
transpiration is reduced by stomatal closure, greater WUE by the plant 
is often realized. Optimal stomatal behavior would, therefore, tend to 
minimize water loss for a given amount of carbon assimilated over a 
certain time (Meinzer 1982). Neilson and Jarvis (1975) observed 
stomatal closure at very low VPD's in Picea sitchensis; carbon 
assimilation decreased while WUE increased. In contrast, high VPD's in 
herbaceous C3 and C4 species elicited different responses. In 
experiments conducted by Rawson and Begg (1977), C3 and C4 stomatal 
responses varied from no stomatal closure to complete stomatal closure. 
Rawson and Begg (1977) also showed that under high PPFD the WUE of C4 
species was double that of the C3 species. WUE in the C4 species 
increased resulting in slightly reduced carbon assimilation (Rawson and 
Begg 1977). Meinzer (1982) found that stomatal responses to changes in 
VPD in summer twigs of Pseudotsuga menziesii appeared to follow the 
cost/benefit hypothesis of gas exchange (Farquhar and Sharkey 1982). 
Increasing WUE and decreasing carbon assimilation resulted when the 
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twig's stomates closed under high VPD. However, due to the lack of 
stomatal response to VPD in winter twigs, WUE decreased and carbon 
assimilation increased. In experiments with Pseudotsuga menziesii, 
Meinzer (1982) found that stomates of developing needles responded more 
to changes in VPD than year old needles did, and the response of younger 
needle stomates to VPD changes also varied from early summer to fall of 
the same year. Therefore, stomatal responses to environmental changes 
and their subsequent effects on WUE and Pnet can vary by season, age, or 
developmental stage of the foliage. 
Stomatal closure as a result of changing environmental conditions 
can limit the amount of intercellular CO2 (Ci) available for use by the 
plant thereby limiting Pnet• If carbon assimilation is limited by 
stomatal closure due to environmental conditions, then Ci should 
decrease, resulting in lower Pnet• If Ci does not decrease, or in fact 
increases, then stomatal closure is not limiting photosynthesis and 
other factors are the cause. Working with Picea sitchensis, Neilson and 
Jarvis (1975) showed that as gc increased so did Ci, and as gc decreased 
Ci decreased as well. In experiments using Sesamum indicum, Hall and 
Kaufman (1975) followed the plant's stomatal response to increasing 
temperatures and two set VPD regimens. They discovered that high VPD 
and increased temperatures caused low gc, Pnet, and Ci. At low VPD and 
increasing temperatures gc, Pnet• and Ci were considerably higher than 
with high VPD conditions. 
MATERIALS AND METHODS 
Plant Material 
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The four plants used in this research are from the Caprifoliaceae 
family in the genus Viburnum: y. rhytidophyllum, y. dentatum, y. 
awabuki, and y. integrifolium. Plant sources include: the University of 
North Carolina Arboretum, Raleigh, NC, the North Central Regional Plant 
Introduction Station, Ames, IA, and Jordan's Nursery, Cedar Falls, IA. 
All four species are C3 plants; they produce a 3-carbon acid as the 
first detectable CO2 fixation product in the Calvin cycle. 
y. rhytidophyllum, nicknamed the leatherleaf vjburnum, is a 
northern deciduous species native to central and west China. It was 
introduced into the United States by E.H. Wilson in 1908. This 
evergreen to semi-evergreen shrub can reach heights of 9 to 15 feet and 
has large, rugose, ovate leaves. The leatherleaf viburnum is used 
extensively as a landscape shrub (Reyder 1940). 
y. dentatum is grown and used in the United States as a landscape 
shrub. Also called the arrowwood viburnum, this northern deciduous 
plant is native to the Northern American continent. It is found from 
New Brunswick to Ontario, from Minnesota to Florida, and in most of the 
eastern United States. The arrowwood viburnum is a shrub which can grow 
to 15 feet tall and has dentate leaves (Grimm 1957; Reyder 1940). 
y. awabuki is not known horticulturally in the United States. This 
southern evergreen plant is native to Japan, Korea, the Ryukyus, and 
Formosa. It grows naturally in the lowlands, especially near the sea. 
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In these countries it is frequently planted as a hedge. The plant can 
grow up to six feet tall, and it has large, glabrous, ovate leaves (Ohwi 
1965). 
y. integrifolium is also not known horticulturally in the United 
States. This southern deciduous plant is endemic to the island of 
Taiwan. In Taiwan, the plant is found throughout the island in the 
forested areas at both low and high altitudes (below 2000 meters). The 
shrub can grow from 6 to 12 feet tall, and has large, tomentose, ovate 
leaves (Lin 1978). 
All four Viburnum species were subjected to equivalent 
laboratory and field conditions. Plants tested in the laboratory 
(typically three of each species) were grown in a greenhouse in 8.5 
liter pots (soil mixture of one part sterilized soil, 3/4 part peat 
moss, and 1/2 part perlite). The plants were under the following 
conditions: a mean temperature of 22 ± 5 °C, natural solar irradiance, 
and adequate water and nutrients. Laboratory plants were two to three 
feet tall, and three to four years old. 
Field tests were conducted on Viburnum grown under the prevailing 
conditions of the Sanders Viburnum Garden, Cedar Falls, IA. y. dentatum 
and Y- rhytidophyllum (approximately 6 1/2 feet tall) that had been 
growing in the garden since 1986 were used for field tests. Y. awabuki 
and y. integrifolium (approximately two feet tall) were moved from the 
greenhouse to the garden for summer field studies since these two 
species cannot overwinter in the local climate and must remain in the 
greenhouse during the winter. 
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Locale and Climate 
Located at 42° 50' longitude and 92° 10' latitude, Cedar Falls, IA 
typically experiences daily winter temperature averages of -12 ± 10 °C 
from November to late February. Daily summer temperatures normally 
average 24 ± 10 °C from May through September. In spring and fall, 
daily temperatures normally average 13 ± 10 °C. Below average rainfall 
was experienced in 1989. 
Measurements 
The specific information obtained included Pnet• transpiration 
(E), leaf water potential <'¥w), VPD, PPFD, air and leaf temperature (Ta 
and T1 , respectively), gc, C1 , and WUE. Typically three leaves per 
species were measured for each test with the closed, null balance PACsys 
9900 Portable Gas Exchange System (Data Design Group, La Jolla, CA). 
The gas exchange system measured Pnet (µmol m-2 s-1), E (mol m-2 s-1), 
relative humidity (RH, %) , Ta and T1 (°C), and PPFD (µmol m-2 s- 1 ) 
(Appendix A). C1 (µL L- 1), leaf-to-air VPD (kPa), and gc (mmol m-2 s· 1 ) 
were calculated by the PACsys system; WUE was calculated as Pnet/E 
(µmolcoz µmolH20- 1 ). '¥w (MPa) was determined by excising leaves and 
measuring them with a pressure chamber (Soil Moisture Equipment 
Corporation, Santa Barbara, CA). 
Field Measurements 
Gas exchange characteristics and'Pw were measured on field plants 
under ambient conditions on sunny days in the Sanders Viburnum Garden 
during August-September, 1989. The northern plants were exposed to full 
sun; however, when the southern plants were exposed to full sun, 
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symptoms of leaf sunburn were noticed. The southern plants were, 
therefore, shaded and exposed to half sun. Measurements were recorded 
diurnally every one to two hours from 0600 to 1800, determining diurnal 
gas exchange and~w patterns for each species. Environmental conditions 
were monitored before each species was tested; ambient Ta and RH were 
programmed into the system to keep abiotic factors close to natural 
environmental conditions. Three leaves per species were monitored in the 
same order each time. "¥,. was measured for each plant in tandem with gas 
exchange parameters (Appendix B, Table 12). 
Laboratory Measurements 
Laboratory gas exchange measurements were made by placing a plant 
from the greenhouse under a Sylvania 1000W metalarc lamp and inserting a 
leaf into the PACsys 9900 cuvette. RH, T1 , cuvette CO2 concentration 
(350 ppm), and leaf area were entered into the PACsys computer program. 
The plants were kept well watered while under the lamp to keep 'f'w high. 
To check for a possible drop in water potential during each run, a leaf 
from the test plant was periodically excised and 'i"w determined. Water 
was added to the pot if'i'w dropped below -0.5 MPa. One of three 
variables (PPFD, VPD, or temperature) was varied for each series of 
measurements. 
Photosynthetic photon flux density. With T1 set at 25 °C and RH at 
68%, PPFD was varied in approximately 250 µmol m-2 s-1 increments from 
around 20 to 2100 µmol m·2 s· 1 • PPFD was varied by filtering the light 
from the lamp with white cheese cloth and wire mesh. Changes in gas 
exchange parameters for each leaf were recorded typically ten minutes 
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after steady state was reached for each level of PPFD (Appendix B, Table 
13). Third order non-linear regressions were used (Pnet = x1 + x2 * 
exp<x3/PPFD) to obtain a Pnet curve fit at r 2 > 0. 9 since all Pnet/PPFD 
curves were non-linear. The calculated curve data were then used to 
determine: maximum Pnet• photosaturation, and quantum yield at PPFD - 100 
µmol m·2 s· 1 • Maximum Pnet for each species was determined as Pnet at a 
PPFD of 1200 µmol m·2 s·1 • The photosaturation point was determined as 
the PPFD level at 95% of maximum Pnet• The initial slope, or quantum 
yield at PPFD = 100 µmol m·2 s·1 , was found by Pnet/100 (Pnet value at 
PPFD100 ) (Appendix B, Table 14) . 
Leaf-to-air vapor pressure deficit. To determine the effect of VPD 
level on carbon assimilation for each species, T1 was set at 25 °C and 
PPFD at 650 ± 50 µmol m·2 s·1 , while RH was changed in the cuvette. RH 
was lowered from 84% to 21% in 8% increments for each species, thereby 
increasing VPD at each RH decrease. Changes in gas exchange parameters 
for each leaf were recorded typically ten minutes after steady state was 
reached for each level of VPD (Appendix B, Table 15). 
Temperature. To establish the effect of T1 on Pnet for each 
species, leaf-to-air VPD was maintained at< 1.0 kPa and PPFD was set at 
650 ± 50 µmol m·2 s·1 , while T1 was varied. T1 was initially set at 25 °C 
and incrementally decreased by 2.5 °C to 20 °C. T1 was then reset at 
25 °C and incrementally increased by 2.5 °C to 37.5 °C. Gas exchange 
parameters were recorded for each leaf ten minutes after steady state 
was achieved at each T1 (Appendix B, Table 16). 
13 
Growth ChamberMeasurements 
To determine if-¥,. and air VPD separately affected gas exchange, 
three plants from each species were placed in a Conviron 8601 (CMP 3023 
controlled) Environmental Control Chamber (Pembina, ND). Plants were 
incrementally dried down to yield a series of high to low~. At each 
stage in the drying cycle, the plants were subjected to both high and 
low RH to provide low and high air VPD levels. T1 was maintained at 
25°C and PPFD at 650 ± 50 µmol m-2 s- 1 throughout the experiment. 'f"w was 
determined at each stage in the drying cycle. Ge was measured by using 
a LI-COR 1600 steady state porometer (Lincoln, NE). Typically three 
leaves per plant were measured at high and low RH, giving gc at 
different air VPD levels (Appendix B, Table 17). 
Data Analysis 
Obtained data were analyzed using CRUNCH Statistical Package 
(Oakland, CA) and Sigma-Plot Scientific Graph System (Jandel Scientific, 
Sausalito, CA). All field data were graphed to display species diurnal 
patterns of gas exchange and water use efficiency. No statistics were 
derived from the field data. 
Linear regressions were determined for most laboratory data; 
however, some data were non-linear thereby necessitating the use of 
alternate statistics. With non-linear data either: 1) one or two-way 
ANOVA's were calculated, 2) data was log x transformed and subsequently 
analyzed with linear regressions, or 3) non-linear equations which best 
fit the data curve at r 2 > 0.9 were used to obtain non-linear 
regressions. 
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To analyze the data for regression coincidence between species, 
leaf types, and habitat types F-values were calculated (Appendix A) and 
corresponding p-values determined for each data group in question (Zar 
1974). 
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RESULTS 
Field and laboratory data were obtained from this research. In the 
field, increasing temperature, VPD, and decreasing '¥w were associated 
with reductions in Pnet• gc, and C1 • y. awabuki showed a different water 
use strategy in the field than the other three species. Laboratory data 
showed that gas exchange and WOE of all species were affected by 
increasing levels of PPFD, increases in VPD, and changing temperature. 
Field Results 
Data were recorded for several days in August, 1989 (Appendix B, 
Table 12). Figures 1 thru 5 represent diurnal gas exchange and WOE 
responses. Data were recorded on sunny days where PPFD levels increased 
to roughly 1700 µmol m-2 s-1 by early afternoon and decreased through the 
rest of the afternoon toward evening. Due to shading of the southern 
plants, total PPFD was only half of that received by the northern plants 
(Appendix B, Table 12). First and last data points represent 
measurements taken before and after leaves were in the sunlight. 
Air temperature rose from 15 °C in the early morning to around 
35 °C by noon. In tandem with air temperature, leaf-to-air VPD rose 
from 0.2 kPa to around 5.0 kPa (Figures 1-4). As temperature and VPD 
rose,'¥,, dropped considerably for all species except y. awabuki. Pw 
dropped to a much lower level for y. rhytidophyllum, y. dentatum, and y. 
integrifolium (between -1.2 and -1.6 MPa) than it did for y. awabuki 
(-0.5 MPa) (Figures 1-4). 'i"w for all species dropped to its lowest 
level by noon and remained constant thereafter. 
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Figure 1. Diurnal field gas exchange, leaf water potential, and 
environmental measurements for y, rhytidophyllurn in the Sanders Viburnum 
Garden on August 10, 1989. Data were taken with the PACsys 9900 gas 
exchange system and a pressure chamber. Each point represents the mean 
of three measurements. Symbols represent: a) solid-temperature, open-
vapor pressure deficit, b) solid-conductance, open-water potential, 
c) solid-net photosynthesis, open-intercellular CO2 • 
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Figure 2. Diurnal field gas exchange, leaf water potential, and 
environmental measurements for y. awabuki in the Sanders Viburnwn Garden 
on August 11, 1989. Data were taken with the PACsys 9900 gas exchange 
system and a pressure chamber. Each point represents the mean of three 
measurements. Symbols represent: a) solid-temperature, open-vapor 
pressure deficit, b) solid-conductance, open-water potential, 
c) solid-net photosynthesis, open-intercellular CO2 • 
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Figure 3. Diurnal field gas exchange, leaf water potential, and 
environmental measurements for y, dentatum in the Sanders Viburnum 
Garden on August 10, 1989. Data were taken with the PACsys 9900 gas 
exchange system and a pressure chamber. Each point represents the mean 
of three measurements. Symbols represent: a) solid-temperature, open-
vapor pressure deficit, b) solid-conductance, open-water potential, 
c) solid-net photosynthesis, open-intercellular CO2 • 
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Figure 4. Diurnal field gas exchange, leaf water potential, and 
environmental measurements for y. integrifolium in the Sanders Viburnum 
Garden on August 11, 1989. Data were taken with the PACsys 9900 gas 
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Decreasing gc values (Figures 1-4) were associated with lowered 'i'w 
for all species. y. rhytidophyllurn, y. dentatum, and y. integrifolium 
had higher initial gc levels (300 rnmol m-2 s- 1 ) than y, awabuki (210 mmol 
m-2 s- 1 ). However, gc of y. awabuki dropped and then remained at a more 
constant level (around 120 mmol m-2 s-1). The other three species showed 
a decrease in gc levels until mid or late afternoon as gc dropped to 
around 50 mmol m-2 s-1 • 
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Pnet for y. awabuki remained relatively constant throughout the day 
at around 12 µmol m-2 s- 1 (Figure 2). Ci fluctuated nominally in concert 
with decreases and increases in gc, but remained relatively constant 
between 150 µL L- 1 • In contrast toy. awabuki, the other three species 
showed different patterns of Pnet and Ci (Figures 1, 3 and 4). In the 
morning hours, sunlit leaves of y. rhytidophyllum started out with a Pnet 
of 18 µmol m-2 s-1 (Figure 1). By noon, Pnet had dropped to 4 µmol m-2 
s-1 • Later in the afternoon, Pnet recovered to a level of 10 µmol m-2 s-1 • 
The large drop in y. rhytidophyllum Pnet before noon coincided with the 
drop in'¥., at that same time. Ci dropped, albeit much more slowly than 
Pnet, throughout the day, decreasing from 250 to 100 µL L-1 • y. dentatum 
and y. integrifolium showed early morning Pnet levels of around 23 µmol 
m-2 s-1 (Figure 3 and 4), dropping to around 17 µmol m-2 s-1 later in the 
afternoon. Ci dropped from 250 to 160 µL L-1 from morning to afternoon. 
The same pattern of WUE was noted for all species (Figure 5). In 
the morning, WUE was high and by noon WUE of around 4 µmolc02 µmolH20- 1 
was reached. WUE then remained at this level for the remainder of the 
day. Field data suggests that there are no recognizable differences in 
gas exchange and WUE between leaf types or habitat types. However, 
between species, y. awabuki does show a different water conservation 
strategy than y. rhytidophyllum, y. dentatum, or y. integrifolium. 
Laboratory Measurements 
Photosynthetic Photon Flux Denstiy 
The Pnet responses to PPFD can be seen in Figures 6a-d. A 
significant difference was found between the response of y. awabuki and 
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Figures 6a-d. The effect of photosynthetic photon flux density on net 
photosynthesis. Leaves were exposed to different light levels in the 
laboratory; responses were measured with the PACsys 9900 gas exchange 
system. Each curve represents data from one leaf. a) y, 
rhytidophyllurn, b) y, awabuki, c) y, dentaturn, d) y, integrifoliurn. 
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the combined responses of the other species (Table 1). Pnet of y. 
awabuki was lower than the other species overall. Comparison of slopes 
of curves obtained from pooled data for each species at PPFD = 100 µmol 
m·2 s· 1 (Table 2) showed a significant difference between northern and 
southern species. y. awabuki was less efficient at converting photons 
to energy for carbon assimilation at low light intensity (0.3 µmolc02 
µmolphoton- 1), and y. integrifolium had the highest efficiency of photon 
conversion (0.6 µmolc02 µmolphoton- 1 ) (Appendix B, Table 14). The two 
northern species both had average quantum yield of 0.4 µmolc02 
µmolphoton· 1 • Light levels for photosaturation of Pnet and maximum Pnet 
levels were compared between species, leaf type, and habitat type 
(Appendix B, Table 14), and although no statistically significant 
differences were found, y. awabuki did have the lowest maximum Pnet level 
at photosaturation. 
Figures 7a-d demonstrate leaf gc responses to increases in PPFD. 
Significant gc response differences were found between species, leaf 
types, and habitat types at low light intensities (PPFD < 700 µmol 
m·2 s·1 , Table 3). Extreme variability within species at PPFD > 700 µmol 
m·2 s· 1 precluded analysis of these values; however, below this point y. 
awabuki's gc is much lower and did not increase as much with increasing 
PPFD as the other species (Figures 7a-d). 
The level of C1 for each species remained relatively constant as 
PPFD increased (Figures 8a-d). Significant differences of C1 versus 
PPFD were found between species and leaf type (Table 4). The levels of 
C1 were lowest for y. awabuki. 
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Table 1. The effect of photosynthetic photon flux density on net 
photosynthesis. A single linear regression was determined for each 
species using pooled data from three trials. Linear regressions using 
log x transforms on data at PPFD ~ 1500 µmol m-2 s-1 were used to 
determine coincidence of regressions of species, leaf types, and habitat 
types. P signifies probability, while N.S. denotes no significant 
difference at p < 0.05. 
Comparison 
between species 
Awa vs other species 
northern vs southern 
deciduous vs evergreen 
P-value 
0.001 
0.005 
N.S. 
N.S. 
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Table 2. Comparison of initial slopes of net photosynthesis versus 
photosynthetic photon flux density of all four species. Slopes were 
calculated (dPnet/dPPFD) at PPFD - 100 µmol m-2 s- 1 based on a third order 
polynomial approximation of each of three trials for each species. 
Comparisons were made using an independent groups t-test. P signifies 
probability, while N.S. denotes no significant difference at p < 0.05. 
Comparison P-value 
Rhy VS Den N.S. 
Rhy vs Int N.S. 
Rhy VS Awa 0.02 
Den VS Int 0.05 
Den VS Awa N.S. 
Int vs Awa N.S. 
Awa vs other species 0.04 
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Table 3. The effect of photosynthetic photon flux density on stomata! 
conductance. A single linear regression was determined for each species 
using pooled data from three trials. Linear regressions on data at PPFD 
< 700 µmol m-2 s-1 were used to determine coincidence of regressions 
between species, leaf types, and habitat types. P signifies 
probability. 
Comparison P-value 
between species 0.001 
Den vs other species 0.001 
Awa vs (Int + Rhy) 0.005 
Den vs (Int + Rhy) 0.005 
northern vs southern 0.05 
deciduous vs evergreen 0.001 
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Figures 8a-d. The effect of photosynthetic photon flux density on 
intercellular CO2 • Leaves were exposed to different PPFD levels in the 
laboratory; responses were measured with the PACsys 9900 gas exchange 
system. Each curve represents data from one leaf. a) Y. 
rhytidophyllum, b) y. awabuki, c) Y. dentatum, d) y. integrifolium. 
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Table 4. The effect of photosynthetic photon flux density on 
intercellular CO2 • A single linear.regression was determined for each 
species using pooled data from three trials. Linear regressions were 
used to determine coincidence of regressions between species, leaf 
types, and habitat types. P signifies probability, while N.S. denotes 
no significant difference at p < 0.05. 
Comparison P-value 
between species 0.001 
Rhy vs other species 0.005 
Den vs (Awa+ Int) 0.001 
northern vs southern N.S. 
deciduous vs evergreen 0.05 
The effect of increasing PPFD on WUE for each species is given in 
Figures 9a-d. Significant differences were found between species in 
several PPFD ranges (Table 5). y. awabuki showed a higher and more 
variable WUE level than the other species, and y. dentatum showed an 
increase in WUE as PPFD increased (Figures 9a-d). 
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Table 5. The effect of photosynthetic photon flux density on water use 
efficiency. A single linear regression was determined for each species 
using pooled data from three trials. Linear regressions were used to 
determine coincidence of regressions between species, leaf types, and 
habitat types. P signifies probability. 
Comparison Limits on Values P-value 
between species PPFD < 440 0.001 
Awa vs (Int + Den) PPFD < 440 0.001 
Rhy VS (Int + Den) PPFD < 440 0.05 
between species PPFD > 440 0.001 
Awa vs (Rhy + Int) PPFD > 440 0.002 
Den vs (Rhy + Int) PPFD > 440 0.005 
between species PPFD > 160 0.001 
Awa vs (Rhy + Int) PPFD > 160 0.001 
Den vs (Rhy + Int) PPFD > 160 0.001 
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Figures 9a-d. The effect of photosynthetic photon flux density on water 
use efficiency. Leaves were exposed to different PPFD levels in the 
laboratory; responses were measured with the PACsys 9900 gas exchange 
system. Each curve represents data from one leaf. a) y, 
rhytidophyllum, b) y, awabuki, c) y, dentatum, d) y, integrifolium. 
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Vapor Pressure Deficit 
Increases in leaf-to-air VPD elicited decreases in Pnet for all 
species (Figure 10). A significant difference between regressions was 
found between species and between leaf types (Table 6). Pnet decline 
with increasing VPD is more gradual in the evergreen species than in the 
deciduous species (Figure 10). The deciduous species, on the other 
hand, show higher levels of Pnet at the lower VPD's than did the 
evergreen species. Within the deciduous leaf type there was also a 
significant difference, with y. integrifolium showing a greater decline 
in Pnet with increasing VPD than y. dentatum (Figure 10). 
VPD affected gc in an unexpected manner when measured in the 
laboratory (Figure 11), where gc rose in three species from lowest VPD 
to the next lowest, then fell again. Also, Y. integrifolium gc levels 
were very much higher than those realized in the field. A one-way ANOVA 
on each species demonstrated a significant effect of VPD on gc only for 
y. rhytidophyllum. 
Table 7 summarizes the results of the growth chamber study. These 
data show that 'l'w and air VPD can separately effect a drop in gc in all 
species, except possibly for y: rhytidophyllum, where the effect of air 
VPD on gc was not as significant. 
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Figure 10. The effect of leaf-to-air vapor pressure deficit on net 
photosynthesis. Leaf responses were measured in the laboratory with the 
PACsys 9900 gas exchange system at different VPD levels. Horizontal 
bars (VPD) and vertical bars (Pnet) represent the standard error 
associated with the mean of three measurements. Symbols represent: 
• - :{. rhytidophyllum, A_- :{. awabuki, 0-~. dentatum, and 6 - :{. 
integrifolium. 
Table 6. The effect of leaf-to-air vapor pressure deficit on net 
photosynthesis. A single linear regression was determined for each 
species using pooled data from three trials. Linear regressions were 
used to determine coincidence of regressions between species, leaf 
types, and habitat types. P signifies probability, while N.S. denotes 
no significant difference at p < 0.05. 
Comparison 
between species 
Den vs Int 
Rhy vs Awa 
northern vs southern 
deciduous vs evergreen 
P-value 
0.001 
0.05 
N.S. 
N.S. 
0.001 
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Figure 11. The effect of leaf-to-air vapor pressure deficit on stomatal 
conductance. Leaf responses were measured in the laboratory with the 
PACsys 9900 gas exchange system at different VPD levels. Horizontal 
bars (VPD) and vertical bars (gc) represent the standard error 
associated with the mean of three measurements. Symbols represent: 
• - Y,. rhytidophyllum, A - 'Y_. awabuki, Q -...::J... dentatum, and 6 - y. 
integrifolium. 
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Table 7. Probability table of the separate effects of air vapor 
pressure deficit and water potential on stomata! conductance in the four 
Viburnum species. Probabilities are from stepwise multiple regressions 
on growth chamber data. 
VPD 
V. rhytidophyllum V. awabuki V. dentatum V. integrifolium 
0.106 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
Increasing leaf-to-air VPD affected Cf laboratory measurements 
(Figure 12). Significant differences between regressions existed 
between species, in particular between y. integrifolium and the other 
species combined (Table 8). y, integrifolium showed a higher level of 
Cf than the other species (Figure 12). As VPD increased, a decline in 
WUE was noted for all species (Figure 13). A one-way ANOVA showed that 
VPD had a significant affect on WUE for all species (p < 0.05). 
Temperature 
Typical effects of temperature on Pnet are illustrated in Figure 14. 
Comparisons in Table 9 show significant differences between species, 
leaf types, and between habitat types. Deciduous species showed higher 
Pnet levels than evergreen species;· Pnet for y, awabuki was considerably 
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1.8 2.0 
Figure 12. The effect of leaf-to-air vapor pressure deficit on 
intercellular CO2 • Leaf responses were measured in the laboratory with 
the PACsys 9900 gas exchange system at different VPD ievels. Horizontal 
bars (VPD) and vertical bars (C 1 ) represent the standard error 
associated with the mean of three measurements. Symbols represent: 
•- Y.. rhytidophyllum, .& - y. awabuki, Q - y. dentatum, and '3, - Y.. 
integrifolium. 
Table 8. The effect of leaf-to-air vapor pressure deficit on 
intercellular CO2 • A single linear regression was determined for each 
species using pooled data from three trials. Linear regressions were 
used to determine coincidence of regressions between species, leaf 
types, and habitat types. P signifies probability, while N.S. denotes 
no significant difference at p < 0.05. 
Comparison 
between species 
Int vs other species 
northern vs southern 
deciduous vs evergreen 
P-value 
0.001 
0.001 
N.S. 
N.S. 
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Figure 13. The effect of leaf-to-air vapor pressure deficit on water 
use efficiency. Leaf responses were measured in the laboratory with the 
PACsys 9900 gas exchange system at different VPD levels. Horizontal 
bars (VPD) and vertical bars (WUE) represent the standard error 
associated with the mean of three measurements. Symbols represent: 
•- Y,. rhytidophyllum, ..&.- Y,. awabuki, Q-_Y.. dentatum, and 6- Y,. 
integrifolium. 
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Figure 14. The effect of leaf temperature on net photosynthesis. Leaf 
responses were measured in the laboratory with the PACsys 9900 gas 
exchange system at different temperature levels. Vertical bars (Pnet) 
represent the standard error associated with the mean of three 
measurements. Symbols represent: • - y. rhytidophyllum, ,A- Y-
awabuki, O- y. dentatum, and b,. - y. integrifolium. 
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Table 9. The effect of temperature (T) on net photosynthesis. Two-way 
ANOVAS were used to determine of effect of Ton Pnet: one-way ANOVA 
determined within species effect, two-way ANOVA determined between 
species, between leaf types, and between habitat types effect. Data at 
TS 35 °C were used for analysis. P signifies probability. 
Comparison P-value 
between species 0.001 
northern vs southern 
deciduous vs evergreen 
0.002 
0.001 
lower than the other species at all test temperatures except the lowest 
(Figure 14). The temperature optimum for all species was around 32.5 °C 
(Figure 14). y. awabuki did not exhibit positive Pnet above 35 °C. 
In response to increasing temperatures, gc decreased for all species 
(Figure 15). y. awabuki was significantly different from the other 
species using a coincidence of regression F comparison (p = 0.001). 
The response of Ci to increasing temperature differed between 
species (Figure 16), and depended on whether the applied temperature was 
high(> 30 °C) or low(< 30 °C). Significant differences were noted 
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Figure 15. The effect of leaf temperature on stomatal conductance. 
Leaf responses were measured in the laboratory with the PACsys 9900 gas 
exchange system at different temperature levels. Vertical bars (gc) 
represent the standard error associated with the mean of three 
measurements. Symbols represent: e- y. rhytidophyllum, A- y. awabuki, 
Q- y. dentatum, and~- y. integrifolium. 
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Figure 16. The effect of leaf temperature on intercellular CO2 • Leaf 
responses were measured in the laboratory with the PACsys 9900 gas 
exchange system at different temperature levels. Vertical bars (C1) 
represent the standard error associated with the mean of three 
measurements. Symbols represent: •- y. rhytidophyllum, A.- y. 
awabuki, 0- y. dentatum, and .6,, - y. integrifolium. 
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between species, habitat types, and leaf types when all data S 35 °C 
were subjected to a two-way AN0VA (Table 10). y. awabuki shows a 
dramatic decrease in C1 at temperatures above 30 °C (Figure 16). 
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WUE improved for all species as temperature rose (Figure 17). There 
was significant difference in WUE between species when all data were 
subjected to a two-way AN0VA (Table 11). y. integrifolium was 
significantly different from the other species combined, as it showed 
low WUE at higher temperatures (Figure 17). 
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Table 10. The effect of temperature (T) on intercellular CO2 • Two-way 
ANOVAS were used to determine of effect of Ton C1 : one-way ANOVA 
determined within species effect, two-way ANOVA determined between 
species, between leaf types, and between habitat types effect. P 
signifies probability, while N.S. denotes no significant difference at p 
< 0.05. 
Comparison Limits on Values P-value 
between species temp :::; 35 oc 0.001 
deciduous vs evergreen temp :::; 35 oc 0.01 
northern vs southern temp :::; 30 oc N.S. 
deciduous VS evergreen temp :::; 30 oc N.S. 
deciduous vs evergreen temp :::; 30 oc 0.01 
between species temp ~ 30 oc 0.001 
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Figure 17. The effect of leaf temperature on water use efficiency. 
Leaf responses were measured in the laboratory with the PACsys 9900 gas 
exchange system at different temperature levels. Vertical bars (WUE) 
represent the standard error associated with the mean of three 
measurements. Symbols represent: •- y. rhytidophyllurn, .&- Y-
awabuki, O- y. dentaturn, and D:,, - y. integrifoliurn. 
so 
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Table 11. The effect of temperature (T) on water use efficiency. Two-
way ANOVAS were used to determine of effect of Ton WUE: one-way ANOVA 
determined within species effect, two-way ANOVA determined between 
species, between leaf types, and between habitat types effect. P 
signifies probability, while N.S. denotes no significant difference at p 
< 0.05. 
Comparison Limits on Values P-value 
between species temp $ 35 oc 0.001 
Int vs other species temp $ 35 oc 0.02 
northern vs southern temp $ 35 oc N.S. 
deciduous vs evergreen temp $ 35 oc N.S. 
northern vs southern temp $ 30 oc N.S. 
deciduous vs evergreen temp $ 30 oc N.S. 
northern vs southern temp ~ 30 oc N.S. 
deciduous vs evergreen temp ~ 30 oc N.S. 
DISCUSSION 
The major predictions made in this comparison of four Viburnum 
species were that plant responses to environmental stresses may 
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differ: 1) between species, 2) between deciduous and evergreen leaf 
types, and 3) between northern and southern habitat types. These 
predictions were made in accordance with the gas exchange and water use 
efficiency model, also known as the optimization hypothesis, discussed 
by Farquhar and Sharkey (1982). This model states that a plant will 
operate at a level which optimizes the amount of carbon assimilated for 
each unit of water lost through transpiration. 
Field Studies 
Unlike the northern plant species, which were reported to be sun 
plants, it was assumed that y. awabuki and y. integrifolium were shade 
plants. These plants are naturally found as understory species in 
forested and coastal regions of Japan (Y. awabuki) and Taiwan (Y. 
i.ntegrifolium). At their previous home in the North Carolina State 
University Arboretum, Raleigh, NC, these individuals were also grown in 
shaded areas (personal communication). 
Before field measurements were taken, photodegradation of leaves 
(leaves were brown, curled, and appeared burnt) was observed for the two 
southern species when exposed to full sun. The winter before these 
species were planted in the Sanders Viburnum Garden, they had been 
growing in the greenhouse under the shade of taller, neighboring plants. 
Therefore, to accomodate these species in the Sanders Viburnum Garden, 
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they were shaded by wire mesh screens to receive only half of the light 
measured for the northern plant species. 
It can be seen that in the field (Figures 1-4) declines in gas 
exchange parameters were typically correlated with increasing 
temperature and leaf-to-air VPD increases, and with reduction in-¥,.. 
The only noticeable difference in plant behavior was that of y. awabuki 
(Figure 2). Displaying a response typical of evergreens, Pnet• gc, C1 , 
and'i'w of y. awabuki had stabilized and leveled off by 1000 h. Pnet• gc, 
C1 , and'i'w of the other three species continued to decline through most 
of the day (Figures 1, 3, and 4). 
Evergreen plants, by definition, retain each leaf more than one 
year. Schulze (1982) states that, due to the evergreen leaf habit, 
these plants should typically show greater water conservation, and have 
lower net photosynthetic rates. The carbon investment in evergreen 
leaves would make them more valuable to the plant, and since evergreen 
plants keep their leaves year to year, it is reasonable to assume that 
plants would protect these leaves against unnecessary damage by 
environmental conditions, such as low'¥w. An evergreen leaf, since it 
has the potential for year round photosynthesis, is likely to encounter 
favorable conditions at some time within the year; whereas a deciduous 
leaf has one season to photosynthesize before leaf drop occurs. The 
water conservation strategy employed by y. awabuki is consistent with 
these ideas, since y. awabuki was able to retain high 'f'w, thereby 
decreasing the possibility of damage to the leaf due to low '¥w, while 
maintaining a positive carbon balance throughout the day. The northern 
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evergreen, y, rhytidophyllum, did not show a typical evergreen response 
to environmental stress. Figure 1 shows a reduction of Pnet associated 
with a sharp drop in'i'w; stomatal conductance did not regulate 'I':, and 
gas exchange as it had in y, awabuki. The reduction in photosynthetic 
capacity in y. rhytidophyllum is evidenced by the high level of 
intercellular CO2 maintained while Pnet dropped dramatically. In fact, 
y, rhytidophyllum behaves more like the decidubus species in its 
response to environmental stress than like y. awabuki. However, the net 
photosynthetic response of y, rhytidophyllum still differs from those of 
the deciduous species. 
The deciduous species (Figures 3, 4) retained higher net 
photosynthetic levels than the evergreen species, even though 'f'w dropped 
below -1.2 kPa for all deciduous species. Schulze (1982) states that 
the deciduous leaf type is typically associated with higher 
photosynthetic rates. Pnet for y, dentatum and Y. integrifolium did 
remain relatively high, even though 'f'w dropped considerably and remained 
low throughout the day. The type of response noted for the deciduous 
species (high Pnet despite low'i'w) is reasonable when considering the 
length of their growing season. Deciduous plants lose their leaves 
during unfavorable growing seasons: y, dentatum is winter deciduous and 
y, integrifolium is drought deciduous. Seasonal duration for carbon 
gain by_ these plants is much shorter than for evergreen plants; 
therefore, net photosynthetic levels would need to be higher for 
deciduous plants. 
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The pattern of WUE in the field was similar for all species (Figure 
5). WUE did decrease for all species in the morning, but leveled off 
and remained constant for the rest of the day. This type of WUE decline 
could best be attributed to increased transpiration due to the rise in 
temperature and leaf-to-air VPD. The level of WUE for all species was 
correlated with increased temperature and leaf-to-air VPD (Figures 1-5). 
A scanning electron miscroscopy (SEM) study of the leaf anatomy of 
these species revealed differences between palisade and mesophyll cell 
layers when comparing SEM leaf cross-sections from the four species 
(De Berg 1990). y. awabuki showed a three celled palisade layer, in 
contrast to the columnar one celled palisade layer of bothy. 
rhytidophyllum and y. integrifolium. The leaf of y. dentatum showed a 
very unstructured, cuboidal palisade layer. The spongy mesophyll layer 
of Y. dentatum was also very unstructured, while that of the other three 
species was well organized in concentric rings. The ratio of palisade 
to mesophyll cell thickness (abaxial to adaxial) was approximately 1:3 
for y. dentatum and 1:1.2 for the other three species. y. awabuki also 
had a much thicker leaf, about three times as thick as the other leaves. 
y. awabuki showed a typical evergreen leaf anatomy, whereas y. 
rhytidophyllum showed a leaf anatomy not unlike leaves of the southern 
deciduous plant. Therefore, differences in gas exchange in the field 
were well correlated with differences in leaf anatomy. 
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Laboratory Studies 
Net Photosynthesis 
The assumption that the southern plants were shade plants was not 
necessarily verified by laboratory experiments involving different PPFD 
levels. In fact, the PPFD levels at which maximum Pnet occurred in the 
two southern species were higher than those for the northern species, 
even though all PPFD levels at which maximum Pn•t occurred were less than 
half the level of full sun (PPFD = 2000 µmol m-2 s-1 ) (Appendix B, Table 
13). The quantum efficiency of y. awabuki at PPFD - 100 µmol m-2 s- 1 was 
lowest of all species when measured at low light levels, when Pnet is 
limited only by insufficient PPFD (Table 2). 
The photosynthetic apparatus of y. awabuki was evidentally not 
capable of efficient usage of the delivered photons. Therefore, it is 
possible that excess light energy caused the production of highly 
oxidized compounds in the leaves of y. awabuki, damaging the leaves in 
the field. 
The plants used for laboratory PPFD testing were grown in an 
unshaded greenhouse, and Boardman (1977) states that normal shade plants 
grown under higher than normal light intensities show decreases in 
quantum efficiency. The decrease in quantum efficiency is probably due 
to increased levels of photorespiration and/or photoinhibition caused by 
increasing light levels, and Boardman further states that for such 
plants PPFD levels at which maximum Pnet occurs should be lower. The 
PPFD levels for maximum Pnet found in the laboratory were not necessarily 
low (Appendix B, Table 13) for any of the species. Bjorkman (1981) 
reports that shade plants do not generally have the capability of 
acclimating to high light regimens (PPFD ~ 500 µmol m-2 s- 1). If this is 
the case, then none of the test plants, based on laboratory findings, 
could be considered shade plants. The laboratory findings do, perhaps, 
provide evidence that with respect to PPFD, the plants do not always 
occupy an environmental niche that would afford them the most benefit in 
terms of growth. Bjorkman (1981) further acknowledges that in general 
laboratory photosaturation curves will not solely define sun and shade 
plant behavior; this Viburnum research supports Boardman's statement. 
In the laboratory, as in the field, Pnet of y. awabuki was 
significantly lower than that of the other species throughout the PPFD 
range tested (Table 1). The inefficient usage of photons for carbon 
assimilation demonstrated by y. awabuki at low PPFD (where gc should not 
be a limiting factor) would lead to lower net photosynthetic rates. 
Reductions in net photosynthetic rates in the field were correlated 
with increasing leaf-to-air VPD and increasing temperature. These same 
correlations were obtained from laboratory experimentation (Figures 10 
and 14). In the laboratory, Pnet of bothy. rhytidophyllum and y. 
awabuki (the two evergreen species) showed lower Pnet at low VPD and more 
conservative responses to increasing VPD levels. 
The same differences existed in response to increasing temperature 
in the laboratory (Table 9). Temperature dependence of C3 plants is 
mainly due to the temperature responses of the enzyme ribulose 
bisphosphate carboxylase (rubisco), and of the other enzymes related to 
photorespiration (Berry and Bjorkman 1980). All four species had 
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broader temperature optima than typical C3 plants (Larcher 1983). Once 
again, the deciduous species had higher Pnet levels than the evergreen 
species. Under favorable environmental conditions (low VPD, adequate 
water, and optimal temperatures) it could be concluded the deciduous 
species, y. dentaturn and y. integrifoliurn, were more photosynthetically 
capable than the evergreen species, Y. rhytidophyllurn and y. awabuki. 
Stomatal Conductance 
Stomatal response to environmental conditions is very complex. 
Stomatal conductance influences water loss (hence leaf temperature), 
carbon assimilation, and Ci. Farquhar and Sharkey (1982) maintain that 
gc operates in regulating the optimization of Pnet per unit of water 
transpired. This mode of operation by stomatal regulation results in 
maintaining constant Ci and helps improve '¥w. 
In the field, as gc declined, so did other gas exchange parameters. 
The diurnal pattern of gc of y. awabuki leaves is very striking. By 
maintaining lower levels of conductance, y. awabuki was able to 
dramatically reduce its water loss and still maintain constant (although 
low) Pnet and Ci (Figure 2), a trait typical of evergreens. Ge declined 
in y. rhytidophyllurn, y. dentaturn, and Y. integrifoliurn leaves 
throughout the day and was associated with declines in Pnet and Ci 
(Figures 1, 3, and 4). However, '¥winy. rhytidophyllurn had already 
dropped so low that a reduction in gc could not eliminate a probable 
water stress problem. In fact, the drop in Pnet experienced by y. 
rhytidophyllum in the field was probably due to rapid water loss by 
inhibition of (or damage to) mesophyll photosystems. Normally, Ci would 
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decline in tandem with declining Pnet; however, since C1 remained high 
even after Pnet dropped, mesophyll resistance, not gc, was probably the 
most important factor affecting Pn•t (Farquhar and Sharkey 1982). The Y. 
rhytidophyllum field data are not typical of those for an evergreen 
plant. 
Laboratory results showed that, as a general rule, Pnet increased 
with increasing gc, and Pnet dropped with declining gc. When exposing 
leaves to different PPFD levels in the laboratory, gc responses showed 
greater variability within a species than they had for experimentation 
with VPD, '¥w, or temperature (Figures 7a-d). This stomata! variability 
was present for all four species, and served to maintain a relatively 
constant C1 (Figures 8a-d) above and below the PPFD level associated 
with maximum Pnet• It is felt that C1 may actually be controlling 
stomata! opening. In effect, since for most plants C1 typically tends 
to decline with increasing Pnet and gc tends to increase with declining 
C1 , it is suggested that carbon assimilation is controlling gc by 
effecting changes in C1 (Morison 1987). Some herbaceous plants have 
shown a response of gc to C1 when atmospheric CO2 levels were changed; 
however, the only conclusion which can be maintained by research to date 
is that Pnet• gc, and C1 are all interrelated. No mechanism has been 
suggested for regulation of gc by C1 • Wong et al. (1979) suggest 
another mechanism which may be partially controlling stomata! 
regulation: stomata! response to photosynthetic metabolites. To date, 
this hypothesis has not been tested. 
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Since gas exchange parameters in the field were associated with 
simultaneous changes in leaf-to-air VPD and'¥.,, field data alone could 
not be used to determine whether either of the two variables could 
separately effect changes in gas exchange. Laboratory data alone was 
suspect, since all species showed uncharacteristic leaf gc responses as 
leaf-to-air VPD was increased (Figure 11). y. integrifolium in 
particular demonstrated a gc level about three times as high as that 
realized in the field. Mooney (1972) found the same field-to-laboratory 
discrepancy with several plant species. He discovered that laboratory 
transpiration rates of greenhouse grown plants were up to eight times as 
high as transpiration rates of field grown counterparts. The reason for 
this, Mooney stated, was not readily apparent; extrapolation of 
laboratory studies to explain field behavior sometimes has limited 
meaning. 
Growth chamber studies showed that air VPD and 'P'w could separately 
effect decreases in gc for the test plants. Interestingly, in the 
growth chamber, gc for Y. rhytidophyllum was not significantly different 
at the 5% level (but was at the 10% level) for different air VPD levels 
(Table 7). In the laboratory y. rhytidophyllum was the only species 
which showed significance (one-way ANOVA) between leaf-to-air VPD and 
gc. This discrepancy was probably due to inadequate sample size for gc 
response data from the growth chamber. It should be pointed out that, 
throughout all laboratory and growth chamber experiments, y, awabuki 
consistently exhibited lower gc levels than the other species. This 
once again supports existing theories concerning gas exchange of 
evergreens, since lower gc levels led to lower Pnet levels. 
Intercellular Carbon Dioxide 
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y, awabuki consistently demonstrated lower C1 levels than the other 
species. C1 was constant at PPFD levels which coincided with maximum 
Pnet and open stomates (Figures 8a-d). At PPFD levels at and above those 
required for maximum Pnet• stomates were assumed to be allowing an 
adequate supply of CO2 for carbon fixation. It should be noted that Cf 
rose at high PPFD levels in y, integrifolium leaves (Figure 8d). This 
could be due to an increase in the rate of photorespiration associated 
with increasing PPFD (Salisbury and Ross 1985), or to photoinhibition. 
The effect of PPFD on C1 was different between species and leaf types 
(Table 4), with the evergreen species showing generally lower Cf levels 
than the deciduous species. 
The deciduous/evergreen difference was not shown for C1 in response 
to different leaf-to-air VPD levels (Table 8). In fact, like measured 
gc responses, Cf responses to VPD increases were also uncharacteristic 
compared to field responses and pertinent literature. As VPD rose, so 
did C1 , which would lead to the conclusion that resistance was 
encountered at the mesophyll cell layer or that photorespiration was 
increasing. However, an association between mesophyll resistance and 
leaf-to-air VPD has not been established by research, and 
photorespiration is not known to increase under high leaf-to-air VPD 
conditions (Salisbury and Ross 1985). Normally, Cf would decline as gc 
and Pn•t declined (Farquhar and Sharkey 1982). It is not clear why Cf 
increased under high VPD conditions. 
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The response of Cf to increasing temperatures demonstrates the 
interrelationships between gc, and Cf, and Pnet (Figures 14-16). 
Differences in Cf responses were noted at all levels (species, leaf 
types, and habitat types), and Cf did decline in tandem with decreasing 
gc, which was probably due to stomatal limitation on Pn•t· 
It is interesting to note that, with respect to temperature, the 
temperature at which maximum Pnet occurred was not the same as the 
temperature at which maximum gc or Cf occurred for any species. Wong et 
al. (1979) found (working with several C3 plants) that gc was not 
correlated with increasing temperature; however, in their studies, Cf 
increased at both high and low temperatures. At low temperatures the 
electron transport and photosystems, which are membrane bound, would be 
impaired due to decreased viscosity, thereby slowing photosynthesis and 
increasing Cf. At high temperatures, photorespiration would increase 
due to the increased availability of 02 (and the greater affinity of 
rubisco for 02 over CO2), and photoenzymes would denature causing an 
increase in Cf along with a decline in Pnet• Schulze and Hall (1982) 
contend that increases in temperature should cause increases in gc when 
a low VPD is maintained. Under these conditions, Cf should increase or 
be regulated by gc. However, if photorespiration increases at high 
temperatures, then Cf would normally be higher, and not necessarily 
regulated by gc. 
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Neither of the two possible responses mentioned above was 
observed in any of the four test species. It should be pointed out that 
the VPD level used(< 1.0 kPa) during the temperature trials was known 
to inhibit Pn•t (Figure 10), but relative humidity limitations of the gas 
exchange instrument precluded usage of a lower VPD level. At the high 
temperatures Cf might have increased, based on temperature effects on 
photorespiration alone. In fact, y. awabuki exhibited a dramatic drop 
in Cf at the higher temperatures along with a drop in Pnet and gc. The 
results show that at higher temperatures as Pnet declines in tandem with 
gc, Cf also declines which would not indicate (but does not eliminate) 
photoinhibition or photorespiration due to high temperatures. Declines 
in Cf for all species appear to be, most probably, stomatally regulated. 
Water Use Efficiency 
Water use efficiency varied greatly between leaves of a plant when 
they were exposed to different PPFD levels (Figures 9a-d). y. awabuki 
showed a generally higher level of WUE, even though it was extremely 
variable between leaves. Variation was also noted among the other 
species, but not to the extent of Y. awabuki .. Ge.of y. awabuki for 
different PPFD levels was extremely variable, which accounts for the 
variation in WUE. 
There were no real differences between the patterns of WUE in 
response to VPD for each species (Figure 13). However, the level of WUE 
for y. integrifoliurn does appear lower than the other species. During 
these laboratory experiments, '-rw was maintained at a high level. 
Therefore the plants would not necessarily benefit by maintaining a high 
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WUE, due to the ready availability of water. y. integrifolium showed 
the lowest WUE; it also showed the highest levels of Ge and C1 • Wide 
open stomates lose more water, thereby dropping WUE. WUE increased for 
all species as temperature rose (Figure 17). The increased WUE was 
associated with stomata! closure and decreases in C1 for all leaves. 
When comparing WUE responses to the three variables (PPFD, VPD, 
temperature), it was observed that temperature increases alone elicited 
an increase in WUE. The only substantial decrease in gc was noted to 
occur with increasing temperatures, and not with increases in PPFD or 
VPD. Since stomata! closure is suggested by Farquhar and Sharkey (1982) 
to be the effector of increased WUE, then stomates would tend to 
minimize WUE. In this laboratory research WUE was closely tied to gc. 
Conclusions 
The field and laboratory research did not demonstrate as distinct a 
difference between leaf types or habitat types as was expected. Pnet and 
gc levels for the evergreen species were lower in laboratory studies 
than those for the deciduous species, but not to the degree expected. 
In the field, there was no distinction between leaf types. Y awabuki 
did behave as a typical evergreen in the field whereas y. rhytidophyllum 
gas exchange responses were more like those of deciduous leaves and less 
like those of evergreen leaves. The leaf anatomy of y, awabuki is 
distinct from that of the other three species, and is much closer to 
that of typical evergreen leaves than is the anatomy of y. 
rhytidophyllum leaves. The predictions that gas exchange and WUE 
responses would differ strongly along leaf and habitat lines were not, 
therefore, validated by this research. This was perhaps due to the 
atypical leaf anatomy of y. rhytidophyllum. 
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The optimization hypothesis discussed by Farquhar and Sharkey (1982) 
is not particularly evident in either field or laboratory results. In 
the laboratory, the plants were tested under high'¥,.; therefore, water 
conservation by laboratory plants would not necessarily be adaptive. In 
the field, however, increased WUE would have been predicted by the model 
for all species, especially the evergreen plants which are reported to 
show conservative water use (Schulze 1982). The gas exchange responses 
of y. awabuki in the field were the only data which showed a 
conservative WUE pattern. 
Future Research Possibilities 
Complete investigations correlating patterns of gas exchange for 
woody plants under field, laboratory, and growth chamber conditions have 
not been carried out. Most research appears to have been done on annual 
herbaceous plants, especially crop species. To test the hypothesis that 
Cf regulates gas exchange, studies need to be done which investigate the 
effects of Cf on carbon assimilation. Annual plants, posessing one 
season to photosynthesize and reproduce, must accomplish this with high 
photosynthetic and other gas exchange rates, unlike perennial deciduous 
or evergreen plants. More research is needed on the gas exchange 
characteristics of woody species. A better understanding of the 
physiology of woody plants would improve our knowledge in predicting how 
these species could respond under different environmental conditions, 
and would provide directions for plant breeding programs. 
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APPENDIX A 
The PACsys 9900 gas exchange system involves the simultaneous mass 
balance for CO2 and water vapor inside the cuvette. The calculations 
used to compute gas exchange parameters involving photosynthesis and 
transpiration of leaves follows those of von Caemmerer and Farquhar 
(1981). 
The two fundamental equations from which all others are derived 
are: 
(1) 
where A is the moles of assimilated carbon per unit leaf area per unit 
time. 
Jh flow rate of high CO2 mole fraction air 
Ch high CO2 mole fraction (4728 ppm analyzed) 
J 1 flow rate of low CO2 mole fraction air 
C1 low CO2 mole fraction (283 or 315 ppm analyzed) 
Cc steady-state CO2 mole fraction maintained in cuvette 
L - leaf area in cuvette 
where Eis the moles of water transpired per unit leaf area per unit 
time. 
(2) 
e. - vapor pressure of cuvette air 
e.1r - vapor pressure of low CO2 source air (0) 
P - atmospheric pressure (101.3 kPa) 
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To analyze for coincidence of regressions, data were sorted into 
species, into deciduous and evergreen leaf types, or into northern and 
southern habitat types, and linear regressions were run on the different 
data groups. A single linear regression was determined for each species 
using data pooled from three trials. The necessary information was 
taken from the linear regressions and the following equation was used to 
determine coincidence of regressions between the appropriate groups of 
data: 
sst - ssp 
F = 2(k - 1) 
where an F table was checked (Zar 1974) for F2 ck _ l}, DFp and the 
coinciding p-value determined. 
SSt residual sum of squares from pooled data 
SSP sum total of the residual sum of squares from separate data 
DFP sum total of (n - 2) from separate data 
k - number of data groups 
(3) 
APPENDIX B 
Data Tables 
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Table 12. Diurnal field data for all species taken in the Sanders 
Viburnum Garden on August 10 and 11, 1989. Abbreviations and units are 
as follows: time (H) is given in 24 h, ambient air and chamber leaf 
temperature (T) is given in °C, leaf-to-air VPD is given in kPa, ~ is 
given in -MPa, PPFD, WUE and Pnet are given in µmol m-2 s-1 , gc is given 
in rnrnol m-2 s- 1 , C1 is given in µL L-1 • Species (S) designations are: 
1-Y. rhytidophyllum, 2-Y, awabuki, 3-Y. dentatum, 4-Y. integrifolium. 
s H T PPFD VPD pnet WUE 
1 0656 13 78 0.28 0.28 449 6.9 325 5.3 
1 0708 13 85 0.27 0.28 195 8.29 285 16.0 
1 0736 13 141 0.21 0.28 274 13.9 270 24.0 
1 0825 17 223 0. 72 0.62 224 16.4 232 10.0 
1 0832 19 299 0.70 0.62 353 20.38 256 8.2 
1 0844 19 600 0.58 0.62 .345 20.83 250 10.0 
1 0944 27 879 1.60 1.06 176 16.22 198 5.7 
1 0957 27 932 1. 74 1.06 344 34.29 180 5.7 
1 1009 27 1003 1.52 1.06 176 16.22 196 6.0 
1 1103 33 1199 3.25 1.55 38 2.01 248 1.6 
1 1119 33 1272 3.36 1.55 117 13.18 159 3.3 
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Table 12. (cont.) 
s H T PPFD VPD Pnet WUE 
1 1135 33 1161 3.22 1.55 38 3.67 181 2.9 
1 1258 32 1164 3.16 1.50 52 4.98 188 3.0 
1 1317 32 528 3.21 1.50 156 19.55 138 3.8 
1 1326 32 448 3.18 1. so 32 3.39 167 3.3 
1 1422 30 404 2.79 1.50 56 8. 72 93 5.5 
1 1434 30 373 2.76 1.50 141 18.45 131 4.7 
1 1445 30 780 2.74 1.50 96 11.39 148 4.3 
1 1551 31 454 3.16 1.52 so 8. 71 106 5.4 
1 1604 31 455 3.11 1.52 126 18.17 108 4.6 
1 1614 31 381 3.15 1.52 53 8.60 76 5.1 
2 0828 14 35 0.27 0.07 2 1.65 -78 11.0 
2 0840 14 85 0.24 0.07 173 5.59 296 13.0 
2 0856 14 113 0.18 0.07 248 4.12 318 9.2 
2 1024 28 502 2.11 0.42 102 10.17 180 4.7 
2 1035 28 121 2.09 0.42 172 15.50 197 4.3 
J 
2 1059 28 214 2.12 0.42 104 12.54 150 5.6 
2 1140 27 287 2.29 0.40 81 10.34 136 5.5 
2 1147 27 233 2.29 0.40 104 12.56 148 5.2 
2 1158 27 211 2.27 0.40 90 10.35 155 5.0 
2 1212 32 252 3.23 0.40 128 14.06 161 3.3 
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Table 12. (cont.) 
s H T PPFD VPD pnet WUE 
2 1224 32 377 3.23 0.40 101 12.40 140 3.7 
2 1237 32 214 3.25 0.40 107 11.29 162 3.2 
2 1254 31 620 3.17 0.40 95 13.23 116 4.3 
2 1301 31 436 3.13 0.40 88 12.15 118 4.3 
2 1310 31 422 3.15 0.40 97 13.04 125 4.2 
2 1401 37 309 4.62 0.38 77 9.49 132 2.6 
2 1412 37 221 4.62 0.38 92 10.72 145 2.5 
2 1422 35 445 4.22 0.38 72 12.90 49 4.2 
2 1530 30 91 2.75 0.44 94 7.89 204 3.0 
2 1542 30 181 2.68 0.44 117 11.66 180 3.6 
2 1555 30 208 2.64 0.44 175 16.87 185 3.7 
2 1658 34 119 3.62 0.46 84 8.47 172 2.7 
2 1707 34 561 3.57 0.46 122 16.69 117 3.7 
2 1714 35 417 3.68 0.46 126 15.81 136 3.3 
3 0752 16 206 0.33 0.24 376 14.45 289 12.0 
3 0801 16 217 0.30 0.24 226 12.91 258 19.0 
3 0810 16 386 0.20 0.24 383 22.89 296 16.0 
3 0909 24 688 1.09 0.64 302 21.43 232 6.5 
3 0917 24 740 1.07 0.64 317 24.93 221 7.2 
3 0926 24 793 1.04 0.64 283 21.45 222 7.2 
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Table 12. (cont.) 
s H T PPFD VPD pnet WUE 
3 1029 31 1064 2.61 0.98 167 12.85 217 2.9 
3 1038 31 1051 2.58 0.98 214 22.12 176 3.9 
3 1050 31 1072 2.55 0.98 134 15.15 159 4.5 
3 1159 32 1195 3.37 1.00 123 13.29 163 3.1 
3 1216 32 1360 3.18 1.00 166 18.80 155 3.5 
3 1223 32 1332 3.22 1.00 119 12.57 169 3.2 
3 1344 32 639 3.30 1.08 114 12.90 156 3.4 
3 1352 32 981 3.11 1.08 182 19.86 166 3.4 
3 1406 32 797 3.33 1.08 86 10.89 134 6.5 
3 1505 31 1170 2.95 1.50 163 16.22 177 3.3 
3 1522 31 1128 2.99 1.50 164 17.54 167 3.5 
3 1535 31 1141 2.98 1.50 101 12.84 135 4.2 
3 1636 30 260 2.86 1.38 83 9.33 161 3.9 
3 1646 31 239 3.09 1.38 96 9.98 170 3.3 
3 1651 31 248 3.13 1. 38 36 11.23 150 9.7 
4 0913 19 121 0.83 0.36 269 9.56 288 4.5 
4 0921 19 291 0.82 0.36 301 11.17 290 4.5 
4 0930 19 288 0.80 0.36 270 15.47 254 7.2 
4 1121 30 651 2.42 1.32 238 24.75 174 4.2 
4 1131 30 649 2.31 1.32 284 28.79 174 4.3 
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Table 12. (cont.) 
s H T PPFD VPD pnet WUE 
4 1145 30 222 2.34 1.32 164 19.69 146 3.8 
4 1216 30 507 2.66 1.10 163 16.60 178 3.8 
4 1224 30 616 2.66 1.10 205 24.86 144 4.5 
4 1239 30 360 2.64 1.10 149 19.53 129 5.0 
4 1259 33 426 3.49 1.32 152 13.78 189 2.6 
4 1320 33 578 3.28 1.32 305 26.81 193 2.6 
4 1330 33 370 3.37 1.32 120 14.70 138 3.6 
4 1347 32 472 3.30 1.28 138 17.80 132 3.5 
4 1356 32 404 3.32 1.28 127 18.44 109 3.8 
4 1405 32 200 3.27 1.28 170 19.60 153 3.8 
4 1448 33 171 3.35 1.28 173 15.51 191 2.6 
4 1506 33 168 3.52 1.28 117 10.16 197 2.4 
4 1514 33 124 3.47 1.28 60 7.41 137 3.5 
4 1625 33 152 3.22 1.28 213 20.99 177 3.0 
4 1639 33 301 3.28 1.28 246 23.43 186 2.9 
4 1747 33 134 3.30 1.28 79 10.05 134 3.8 
4 1735 35 821 4.13 1.26 69 8.12 147 2.8 
4 1747 35 826 4.06 1.26 80 10.18 132 3.1 
4 1757 35 626 4.05 1.26 28 3.98 109 3.4 
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Table 13. Data for all PPFD trials in the laboratory. Three leaves 
were measured for each trial and measurements are matched to their 
corresponding leaf (1, 2, or 3). Units are as follows: PPFD, WUE and 
Pnet are given in J.Lmol m-2 s-1 , gc is given in mmol m-2 s-1 , Cf is given in 
µL L- 1 • Species (S) designations are: 1-Y. rhytidophyllum, 2-Y. 
awabuki, 3-y. dentatum, 4-Y. integrifolium. Missing values are 
represented as blanks. 
s Leaf PPFD pnet WUE 
1 1 26 0.52 24 20.8 
1 1 168 6.19 62 186 15.1 
1 1 320 15.66 130 214 6.1 
1 1 447 17.00 288 202 12.7 
1 1 635 15.10 344 277 6.6 
1 1 801 15.18 382 283 6.6 
1 1 1000 14.75 234 297 6.1 
1 2 92 4.08 64 245 6.4 
1 2 260 11.38 140 216 8.3 
1 2 390 11.88 144 215 8.5 
1 2 580 16.16 213 225 8.2 
1 2 719 16.80 254 240 8.3 
1 2 1060 17.31 298 254 8.0 
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Table 13. (cont.) 
s Leaf PPFD pnet WUE 
1 3 67 3.81 16 21. 3 
1 3 215 11.90 116 182 9.3 
1 3 380 13.00 190 237 6.4 
1 3 676 14.74 236 246 6.9 
1 3 849 16.08 438 288 4.8 
2 1 14 3.09 63 265 4.5 
2 1 145 6.81 67 184 10.2 
2 1 490 13. 95 151 196 9.8 
2 1 533 14.21 186 225 8.5 
2 1 640 18.59 206 199 10.3 
2 1 742 17.86 251 231 8.4 
2 1 890 17.01 385 277 6.4 
2 1 1172 17.78 465 287 5.0 
2 2 33 4.34 so 209 8.5 
2 2 155 4.71 25 220 17.4 
2 2 330 9.81 36 210 25.2 
2 2 450 9.23 55 192 15.4 
2 2 640 10.63 70 187 14.5 
2 2 760 11.3 84 214 13.9 
2 3 390 9.7 35 250 26.9 
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Table 13. (cont.) 
s Leaf PPFD pnet WUE 
2 3 760 10.93 46 219 24.8 
2 3 890 11.19 75 201 15.8 
2 3 1100 10.43 110 192 10.8 
2 3 1240 11. 70 86 176 15.0 
3 1 81 5.68 122 272 5.4 
3 1 200 13.34 322 281 4.8 
3 1 360 14.06 354 283 4.7 
3 1 517 14.96 362 282 5.0 
3 1 631 15.57 392 284 4.8 
3 1 800 16.29 418 286 5.0 
3 1 1052 18.34 456 284 6.3 
3 1 1378 20.74 288 235 14.9 
3 2 95 4.19 167 307 29.7 
3 2 207 10.48 262 283 4.8 
3 2 388 13.22 383 294 4.32 
3 2 608 14.14 501 301 3.7 
3 2 770 14.43 347 281 5.1 
3 2 977 15.09 358 282 5.7 
3 2 1265 15.60 396 286 7.0 
3 3 93 5.81 83 233 8.5 
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Table 13. (cont.) 
s Leaf PPFD pnet W'UE 
3 3 294 12.31 188 242 7.8 
3 3 544 13.42 196 237 8.0 
3 3 703 14.30 300 270 6.8 
3 3 903 15.30 273 273 8.2 
4 1 48 4.41 114 282 3.9 
4 1 217 7.96 137 253 5.9 
4 1 511 17.99 282 243 6.9 
4 1 542 17.04 304 257 6.3 
4 2 139 9.54 254 288 3.8 
4 2 542 18.26 290 247 7.3 
4 2 752 20.15 200 267 5.7 
4 2 911 20.92 290 291 6.0 
4 2 1170 20.13 340 311 5.0 
4 2 1767 19.19 600 335 4.9 
4 3 105 3 .. 88 27 113 13.4 
4 3 155 6.73 82 212 7.7 
4 3 290 10.22 134 234 7.4 
4 3 530 12.68 167 223 7.5 
4 3 810 13.53 204 242 7.4 
4 3 1050 14.01 244 256 6.8 
Table 13. (cont.) 
s 
4 
4 
4 
Leaf 
3 
3 
3 
PPFD 
1210 
1530 
1990 
Pnet 
14.54 
14.47 
13.50 
287 
334 
466 
267 
279 
304 
WUE 
6.5 
6.2 
6.0 
80 
81 
Table 14. Calculated data values for PPFD. Abbreviations and units are 
as follows: initial slopes (IS) are given in µmolc02 µumolphoton- 1 , PPFD at 
photosaturation (PS) and maximum Pnet (mPmax) are given in µmol m-2 s- 1 • 
Species (S) designations are: 1-Y. rhytidophyllum, 2-Y. awabuki, 3-Y. 
dentatum, 4-Y. integrifolium. Three leaves per species were measured 
(leaf - 1, 2, or 3). 
s Leaf IS PS 
1 1 0.057 892 17 .14 
1 2 0.046 690 15.11 
1 3 0.056 804 16.12 
2 1 0.037 911 17. 71 
2 2 0.024 917 11.88 
2 3 0.018 730 10. 71 
3 1 0.046 784 17.35 
3 2 0.042 698 14.54 
3 3 0.041 635 14.21 
4 1 0.055 938 18.83 
4 2 0.095 931 19.45 
4 3 0.042 762 13.30 
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Table 15. Data for all leaf-to-air VPD trials in the laboratory. Three 
leaves were measured for each trial and measurements are matched to 
their corresponding leaf (1, 2, or 3). Units are as follows: VPD is 
given in kPa, WUE and Pnet are given in µmol m-2 s-1 , gc is given in mmol 
m-2 s- 1 , C1 is given in µL L- 1 • Species (S) designations are: 1-Y. 
rhytidophyllurn, 2-Y. awabuki, 3-Y. dentaturn, 4-Y. integrifoliurn. 
s Leaf VPD pnet WUE 
1 1 0.18 12.30 266 278 25.1 
1 1 0.44 10.70 233 276 10.2 
1 1 0. 72 9.10 229 284 5.5 
1 1 1.03 7.3 212 290 3.3 
1 1 1. 31 4.70 186 306 1. 9 
1 1 1.58 2.30 172 322 0.84 
1 2 0.16 11.60 349 296 20.6 
1 2 0.42 10.80 255 281 9.9 
1 2 0.70 9.10 245 287 5.3 
1 2 0.97 7.30 244 298 3.1 
1 2 1.23 4. 70 225 312 1. 7 
1 2 1.52 1.40 213 332 0.4 
1 3 0.10 11.80 512 332 18.1 
1 3 0.35 10.10 412 311 7.0 
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Table 15. (cont.) 
s Leaf VPD pnet WUE 
1 3 0.63 8.50 298 304 4.5 
1 3 0.92 6.50 238 304 2.9 
1 3 1.22 4.40 211 310 1. 7 
1 3 1.51 0.43 203 339 0.1 
2 1 0.26 9.40 248 289 14.2 
2 1 0.52 8.80 191 274 8.7 
2 1 0.78 8.20 196 280 5.3 
2 1 1.04 5.90 193 296 2.9 
2 1 1.34 4.80 184 301 1.9 
2 2 0.24 11.30 177 248 2.6 
2 2 0.51 9.10 276 295 6.4 
2 2 0.78 8.00 259 297 3.9 
2 2 1.05 6.00 240 306 2.4 
2 2 1.32 2.60 234 327 0.8 
2 3 0.30 9.50 184 264 17.1 
2 3 0.55 7.60 210 289 6.4 
2 3 0.82 6.80 203 294 4.0 
2 3 1.08 5.10 208 306 2.2 
2 3 1.34 2.30 203 325 0.8 
3 1 0.36 12.40 209 253 16.1 
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Table 15. (cont.) 
s Leaf VPD pnet WUE 
3 1 0.62 11.30 325 289 5.6 
3 1 0.89 7.20 315 309 2.5 
3 1 1.16 6.50 238 298 2.3 
3 1 1.42 2.00 211 328 0.7 
3 2 0.29 12.60 274 262 15.4 
3 2 0.56 10.10 269 286 6.7 
3 2 0.82 6.50 268 309 3.0 
3 2 1.10 4.80 321 322 1.3 
3 2 1.36 0.68 289 341 0.2 
3 3 0.48 11.20 214 262 11.2 
3 3 0. 72 8.10 252 294 4.3 
3 3 0.97 7.30 224 292 3.3 
3 3 1.22 5.30 205 302 2.1 
3 3 1.47 2.60 197 322 0.9 
4 1 0.29 15.10 436 294 11.6 
4 1 0.54 11. 70 548 313 3.9 
4 1 0.82 8.20 513 320 1. 9 
4 1 1.08 4.30 477 331 0.8 
4 2 0.32 13.20 594 314 6.8 
4 2 0.58 9.70 669 325 2.5 
Table 15. (cont.) 
s 
4 
4 
4 
4 
4 
4 
Leaf 
2 
2 
3 
3 
3 
3 
VPD 
0.83 
1.08 
0.25 
0.51 
0.78 
1.06 
pnet 
5.90 
4.50 
14.70 
12.40 
8.90 
4.60 
625 
548 
406 
560 
513 
475 
332 
346 
293 
311 
318 
329 
WUE 
1.1 
0.75 
14.6 
4.3 
2.2 
0.9 
85 
86 
Table 16. Data for all leaf temperature (T1 ) trials in the laboratory. 
Three leaves were measured for each trial and measurements are matched 
to their corresponding leaf (1, 2, or 3). Units are as follows: T1 is 
given in °C, WUE and Pn•t are given in µmol m-2 s-1 , gc is given in mmol 
m-2 s-1 , C1 is given in µL L- 1 • Species (S) designations are: 1-Y. 
rhytidophyllum, 2-Y. awabuki, 3-Y. dentatum, 4-Y. integrifolium. 
Missing values are represented as blanks. 
s Leaf T, pnet WUE 
1 1 20.0 1. 58 679 344 0.3 
1 1 22.5 7.40 630 330 1.3 
1 1 25.0 8.47 542 321 1. 9 
1 1 27.5 10.53 412 306 2.9 
1 1 30.0 10.14 326 295 3.1 
1 1 32.5 11.49 204 251 5.0 
1 1 35.0 9.40 145 240 4.7 
1 1 37.5 7.99 34 19.1 
1 2 20.0 2.39 723 349 0.5 
1 2 22.5 4.72 674 341 0.8 
1 2 25.0 7.62 558 331 1.4 
1 2 27.5 10.83 463 310 2.8 
1 2 30.0 12.23 335 288 3.8 
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Table 16. (cont.) 
s Leaf pnet WUE 
1 2 32.5 12.55 213 249 5.5 
1 2 35.0 12.13 96 142 9.3 
1 2 37.5 8.44 5 19.2 
1 3 20.0 0.18 679 348 0.3 
1 3 22.5 4.82 659 338 0.9 
1 3 25.0 9.73 584 323 2.0 
1 3 27.5 11.45 434 304 3.1 
1 3 30.0 11.36 333 292 3.6 
1 3 32.5 13.23 196 237 6.6 
1 3 35.0 13.30 86 95 12.1 
1 3 37.5 11.62 8 19.0 
2 1 20.0 4.36 208 315 2.7 
2 1 22.5 6.20 144 278 5.2 
2 1 25.0 7.58 104 231 8.2 
2 1 27.5 7.87 115 235 7.2 
2 1 30.0 7. 71 97 218 7.0 
2 1 32.5 7.93 34 19.3 
2 1 35.0 6.86 45 19.8 
2 2 20.0 2.89 446 337 0.9 
2 2 22.5 5.03 374 326 1. 7 
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Table 16. (cont.) 
s Leaf pnet WUE 
2 2 25.0 6.34 272 309 2.5 
2 2 27.5 6.87 210 294 3.3 
2 2 30.0 7.50 169 271 4.0 
2 2 32.5 7.58 121 24 4.7 
2 2 35.0 6.64 96 22 4.2 
2 3 20.0 1.45 476 343 0.4 
2 3 22.5 4.14 369 330 1.3 
2 3 25;0 6.02 263 309 2.5 
2 3 27.5 7.31 146 266 5.2 
2 3 30.0 7.18 94 217 7.2 
2 3 32.5 7.96 11 15.4 
2 3 35.0 7.57 4 10.8 
3 1 20.0 8.00 521 325 2.1 
3 1 22.5 12.91 471 302 3.6 
3 1 25.0 13.14 417 295 3.6 
3 1 27.5 14.67 288 263 5.4 
3 1 30.0 15.17 267 256 5.6 
3 1 32.5 15.79 172 195 7.9 
3 1 35.0 14.06 110 137 8.8 
3 1 37.5 12.39 134 5.4 
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Table 16. (cont.) 
s Leaf T, pn•t WUE 
3 2 20.0 6.39 741 336 1.2 
3 2 22.5 9.67 634 324 2.1 
3 2 25.0 12.38 561 312 2.8 
3 2 27.5 13. 71 304 274 4.9 
3 2 30.0 13.29 226 251 5.8 
3 2 32.5 13.94 125 165 9.3 
3 2 35.0 12.33 35 107 14.0 
3 2 37.5 10.89 60 19.6 
3 3 20.0 7.17 584 327 1. 7 
3 3 22.5 10.06 469 313 2.7 
3 3 25.0 11.29 370 294 3.2 
3 3 27.5 12.71 266 269 5.1 
3 3 30.0 13.64 218 245 5.7 
3 3 32.5 13.31 152 203 7.4 
3 3 35.0 12.33 89 121 9.5 
3 3 37.5 10.61 7 19.3 
4 1 20.0 4.61 521 333 1.2 
4 1 22.5 8.27 488 321 2.1 
4 1 25.0 11.01 402 301 3.0 
4 1 27.5 13.01 421 297 3.5 
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Table 16. (cont.) 
s Leaf T, Pnet c1 WUE 
4 1 30.0 13.43 386 290 3.5 
4 1 32.5 13.17 307 277 4.0 
4 1 35.0 12.11 252 267 3.8 
4 1 37.5 12.39 184 235 4.8 
4 2 20.0 2.23 547 347 0.3 
4 2 22.5 7.14 508 337 1.1 
4 2 25.0 10.65 432 327 1.8 
4 2 27.5 12.24 648 316 2.6 
4 2 30.0 13.52 482 302 3.1 
4 2 32.5 13.69 350 284 3.9 
4 2 35.0 14.10 271 257 4.4 
4 2 37.5 12.49 164 220 5.4 
4 3 20.0 6.13 779 329 1.1 
4 3 22.5 8.96 685 327 1.8 
4 3 25.0 11.42 553 314 2.4 
4 3 27.5 13.85 491 301 3.3 
4 3 30.0 13.99 394 287 3.5 
4 3 32.5 14.00 317 273 3.8 
4 3 35.0 12.92 253 262 3.6 
4 3 37.5 12.18 191 237 3.9 
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Table 17. Growth chamber data for all species. Air VPD and'I'w were 
separately varied and gc was recorded for each trial. Three leaves were 
measured for each trial (gc 1, gc 2, or gc 3). Units are as follows: VPD 
is given in kPa, Sc is given in mmol m-2 s- 1 , '¥w is given in -MPa. 
Species (S) designations are: 1-Y. rhytidophyllum, 2-Y. awabuki, 3-Y. 
dentatum, 4-Y. integrifolium. 
s VPD 
1 0.66 1.10 2 0 3 
1 0.66 1.08 4 0 0 
1 0.82 0.62 124 154 142 
1 0.82 0.50 135 156 134 
1 0.89 0.42 90 81 76 
1 0.89 0.34 70 60 63 
1 0.98 0.35 89 79 110 
1 0.98 0.35 81 68 55 
1 1.01 0.92 52 60 77 
1 1.01 0.88 47 76 34 
1 1.19 0.53 30 34 32 
1 1.19 0.53 29 39 37 
1 1.62 1.20 18 24 15 
1 1.62 1.00 31 11 25 
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Table 17. (cont.) 
s VPD 
1 2.07 0.52 56 58 48 
1 2.07 0.52 51 74 71 
1 2.25 0.90 41 34 48 
1 2.25 0.90 41 28 23 
1 2.26 0.67 29 37 39 
1 2.26 0.67 31 27 36 
1 2.45 0.44 87 82 84 
1 2.45 0.34 95 85 109 
2 0.66 0.94 7 1 0 
2 0.66 0.88 0 5 0 
2 0.82 0.36 220 190 231 
2 0.82 0.32 225 242 214 
2 0.89 0.28 111 117 106 
2 0.89 0.18 56 59 48 
2 0.98 1.11 13 6 11 
2 0.98 1.11 9 1 3 
2 1.01 0.50 90 62 33 
2 1.01 0.40 12 45 32 
2 1.19 0.54 45 58 48 
2 1.19 0.54 57 39 60 
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Table 17. (cont.) 
s VPD gc 1 gc 2 gc 3 
2 1.62 0.52 49 30 29 
2 1.62 0.50 45 36 25 
2 2.25 0.78 16 17 8 
2 2.25 0.78 11 18 12 
2 2.26 0.24 57 47 44 
2 2.26 0.24 39 33 36 
2 2.45 0.20 33 28 15 
2 2.45 0.10 62 73 72 
3 0.50 0.63 401 507 481 
3 0.50 0.60 648 635 679 
3 0.66 0.45 518 660 572 
3 0.66 0.42 586 615 539 
3 1.00 0.92 187 235 252 
3 1.00 0.88 201 228 198 
3 1.00 0.42 422 416 493 
3 1.00 0.38 315 297 317 
3 1.62 0.55 329 466 355 
3 1.62 0.52 409 362 345 
3 2.06 1.14 43 72 25 
3 2.06 1.10 80 77 39 
94 
Table 17. (cont.) 
s VPD gc 1 gc 2 gc 3 
3 2.07 0.75 110 115 241 
3 2.07 0. 71 141 128 79 
3 2.07 0.62 132 68 121 
3 2.07 0.58 95 89 117 
4 0.66 1.10 25 52 47 
4 0.66 1.08 51 41 35 
4 0.82 0.58 199 189 205 
4 0.82 0.52 228 232 208 
4 0.89 0.52 185 191 137 
4 0.89 0.52 192 176 243 
4 0.98 0.44 177 141 182 
4 0.98 0.44 195 173 136 
4 1.01 0.90 127 155 130 
4 1.01 0.84 119 149 120 
4 1.19 0.85 123 139 169 
4 1.19 0.85 128 165 136 
4 1.62 0.96 139 181 127 
4 1.62 0.88 118 176 112 
4 2.07 0.55 102 95 147 
4 2.07 0.55 118 108 112 
Table 17. (cont.) 
s 
4 
4 
4 
4 
4 
4 
VPD 
2.25 
2.25 
2.26 
2.26 
2.45 
2.45 
0.89 
0.89 
0.54 
0.54 
0.48 
0.42 
74 
77 
99 
64 
150 
109 
55 
so 
66 
60 
117 
150 
104 
86 
83 
62 
187 
92 
95 
